Abstract: Herein we describe a new method to rapidly determine the n-6/n-3 fatty acid ratios in cereal grains and forages (hydroponically-grown cereal sprouts and haylage) using 1 H nuclear magnetic resonance (NMR) spectroscopy. This NMR method was found to be consistent with more established but time-consuming gas chromatographic methods (R = 0.994).
Introduction
The consumption of healthier forms of livestock products is a growing trend among health conscious consumers, and it is now generally accepted that ruminants that are allowed to graze will produce meat and dairy products with a healthier lipid composition than those fed concentrate feeds such as grain (Dewhurst et al. 2006; Scollan et al. 2006 ). In the beef industry for example, grain-based diets are usually fed to optimize feed efficiency; however, they can adversely affect the fatty acid (FA) profile of beef by decreasing the proportion of polyunsaturated fatty acids (PUFA), specifically omega-3 (n-3) FAs, and raising the n-6/n-3 ratio (Daley et al. 2010) . Typical western diets are rich in vegetable oils with n-6/n-3 FA ratios approximately 15:1; however, the cardio-protective health benefits of a 4:1 ratio has been advocated (Salter 2013) . This relationship between diet and FA composition was exemplified in a recent survey of Canadian retail beef from conventional and niche market feeding systems, indicating high grain diets resulted in n-6/n-3 ratios exceeding 8:1, whereas grass-fed and moderate grain-fed beef ratios were less than 3:1 (Turner et al. 2014) .
Not only do the fatty acid profiles of both meat and dairy products vary significantly based on whether cattle consume cereal grains or forage, these profiles can also vary significantly based on the type and FA profile of forage the cattle are consuming. For example, the FA profile of forages (such as haylage) is influenced by species, harvest date, and regrowth interval; and therefore ultimately influences the n-6/n-3 FA ratio (Dewhurst et al. 2001) . Hydroponic sprouts represent a fresh forage alternative to haylage that can be grown and fed within seven days, providing consistent nutritive value all year round. If the n-6/n-3 FA ratio of feed is lower, then the meat or dairy products from the animal consuming this feed will also typically be lower (Daley et al. 2010) . Increasing the dietary n-3 FA intake of dairy cows is also indicated to improve conception rates and reduce pregnancy losses, resulting in fewer rebreedings (Ambrose et al. 2006 ). For these reasons, a fast method to determine n-6/n-3 FA ratios in cattle feed, comprised of cereal grains and (or) forages, would be advantageous to both the beef and dairy industries.
The current established method for determining n-6/n-3 FA ratios in cattle feed involves a direct acid methylation and gas chromatographic (GC) analysis (Sukhija and Palmquist 1988) . It typically requires about three hours; however, our new method can provide the same information in less than five minutes. Our lipid extraction protocol requires only 1.5 mL of solvent and, together with the 1 H nuclear magnetic resonance (NMR) analysis, requires very little sample preparation and analysis time, as no sample derivatization is necessary. Similar methods have been used previously for the extraction and analysis of fatty acids from cheese and edible oils (Schievano et al. 2008; Barison et al. 2010) ; however, application of our sample preparation and NMR analysis approach to cattle feed is novel.
Herein, we report a new lipid extraction protocol and 1 H NMR spectroscopic analysis method to rapidly determine n-6/n-3 FA ratios in cereal grains (wheat and barley) and forages (hydroponically-grown wheat and barley sprouts and mixed tame grass haylage). Furthermore, we also demonstrate that this approach is consistent with data obtained using the more traditional and time consuming direct acid methylation and GC analysis method (Sukhija and Palmquist 1988) .
Materials and Methods

Sampling
Feed grade wheat and barley cereal grains were purchased at Purity Feed, Kamloops, British Columbia, Canada. Hydroponic wheat and barley sprouts were grown at Thompson Rivers University (TRU) in a growth chamber (Conviron model CMP 3023) at constant humidity (70%) with light for 12 h per day. After one, two or seven d growth, whole sprouts and clipped sprout tops were harvested for analysis. Core samples of haylage bales consisting of tame grass species (orchard and timothy) were collected at local farms in the interior of British Columbia.
Sample preparation
All forage samples (15 whole sprouts/sprout tops and 3 haylage) were dried for 48 h at 60°C. Cereal grains (one each of wheat and barley) and dried forage were ground through a 2 mm screen (Cyclotec 1093, FOSS, MN, USA) before NMR and GC analysis. Prior to NMR analysis, 0.1 g of powdered cereal grain or powdered dried forage was placed in a 20 mL vial and suspended in 1.5 mL CDCl 3 and shaken vigorously. The suspension was filtered through Kimwipe (Kimberly-Clark, Mississauga, Canada) directly into an NMR tube. Prior to GC analysis, a direct acid methylation of feedstuffs was performed (Sukhija and Palmquist 1988) .
H NMR measurements
All 1 H NMR spectra were acquired with a Bruker Avance III Ultrashield 500 MHz NMR spectrometer using CDCl 3 as solvent and residual protons as internal reference (7.26 ppm). Spectra were recorded at room temperature with 65 536 data points and 32 scans at a spectral width of 5000 Hz, relaxation delay of 1 s, and acquisition time of 6.55 s. Exponential line broadening (0.30 Hz), automatic phase correction, and baseline correction (degree of polynomial equal to 5) were applied to each 1 H NMR expansion (insert) and full spectrum (below) of lipids extracted from a forage sample (500 MHz, 128 scans, CDCl 3 ; 18:2n-6(LA) at 2.77 ppm; 18:3n-3 (ALA) at 2.81 ppm). This particular sample analysis resulted in an n-6/n-3 ratio of 3.12:1. spectrum. Using Bruker Topspin 2.1 software, the peaks at 2.77 and 2.81 ppm were integrated to determine the relative quantities of linoleic acid (LA, 18:2n-6 FA) and alpha-linoleic acid (ALA, 18:3n-3 FA), respectively, as shown in Fig. 1 . Note there are two equivalent diallylic methylene protons comprised in the LA NMR signal at 2.77 ppm, and four equivalent diallylic methylene protons contributing to the ALA signal at 2.81 ppm. Therefore, to calculate the ratio of n-6/n-3 (i.e., LA/ALA), the following equation can be used: I 2.77 /(I 2.81 /2), where I = integral value for the peak at the given chemical shift.
Gas chromatography analysis
Fatty acid methyl esters (FAMEs) were analyzed by GC (Sukhija and Palmquist 1988) using a Varian 3800 gas chromatograph coupled with a flame ionization detector (FID) and CTC Analytics Combi-Pal autosampler. An SP-2650 fused silica column (100 m × 0.25 mm i.d. × 0.2 μm, Supelco Inc.) was used for chromatographic separation. The FAMEs were injected at a concentration of 3 mg mL −1 and at a split flow of 10:1. Helium was used as a carrier gas at a constant 1 mL min −1 flow rate under the following temperature program: held at 45°C for 4 min, increased to 175°C at 13°C min −1 , held for 41 min, increased to 215°C at 4°C min −1 , and maintained for 35 min. The injector and detector temperatures were held at 280°C. Analyte identification and quantification was done using commercial FAME standards (Nu-Chek Prep, MN, USA).
Results and Discussion Figure 1 shows a 1 H NMR spectrum of lipids extracted with CDCl 3 from a forage sample. The signals found at 2.77 and 2.81 ppm belong to the diallylic methylene protons of the 18:2n-6 and 18:3n-3 FAs, respectively. Even though there is some overlap of these two signals with each other, they do not overlap with, or are close to, any other signals representative of other FAs and can be used to calculate the n-6/n-3 FA ratio. The integral of a given peak in a 1 H NMR spectrum is directly proportional to a corresponding number of resonant nuclei; therefore, peak areas can be used for the quantification of n-6 and n-3 FA levels. Furthermore, 18:2n-6 and 18:3n-3 are the predominant n-6 and n-3 FAs in terrestrial plant forages (Harfoot and Hazlewood, 1997) . Signals between 0.9 and 3.0 ppm are characteristic of other aliphatic hydrogen resonances for FAs, and the triglyceride signals appear as a pair of doublets at approximately 4.2 ppm and a multiplet at 5.3 ppm.
Wheat cereal grain, barley cereal grain, 15 hydroponically-grown whole sprouts/sprout tops, and three haylage samples were analyzed by our rapid extraction/NMR analysis method and by the traditional Palmquist direct acid methylation/GC analysis method from literature (Sukhija and Palmquist 1988) . Figure 2 shows the plot of the n-6/n-3 FA ratios determined by the two different sample preparation and analysis methods. A correlation coefficient of 0.994 suggests excellent agreement between data obtained by this novel rapid extraction/NMR analysis method and the Fig. 2 . Correlation between n-6/n-3 FA ratios determined by rapid extraction/ 1 H NMR analysis and Palmquist direct acid methylation/GC analysis. Trendline added using Excel 2010.
n-6/n-3 ratio as determined by rapid extraction/1 H NMR analysis n-6/n-3 FA ratio as determined by Palmquist direct acid methylation/GC analysis R = 0.994 Table 1 . Comparison of n-6/n-3 FA ratios as determined by gas chromatography (GC) and nuclear magnetic resonance spectroscopy (NMR).
n-6/n-3 ratios Sample GC NMR CGW 20.11 19.56 CGB 9.84 10.78 WSW (7) 6.89 7.27 WSW (7) 8.73 8.53 WSW (7) 7.62 8.25 WSB (1) 8.80 8.80 WSB (1) 8.30 8.80 WSB (1) 9.70 9.20 WSB (2) 5.70 7.70 WSB (2) 4.80 5.20 WSB (7) 2.33 3.16 WSB (7) 3.11 3.80 STW (7) 4.43 4.80 STW (7) 0.39 0.67 STB (7) 0.47 0.75 STB (7) 0.97 1.64 STB (7) 0 Palmquist/GC analysis method. The advantages of our extraction and NMR analysis approach over the traditional method are the faster analysis times and use of smaller volumes of toxic and corrosive solvents. Table 1 shows a comparison of the raw data for the 20 samples analyzed by the new rapid extraction/NMR method and by the traditional Palmquist direct acid methylation/GC analysis method. Also listed are all of the different cereal grains (wheat and barley) and forages (hydroponically-grown wheat and barley sprouts, and mixed tame grass haylage) used in this study. In general, the two cereal grains had the highest n-6/n-3 FA ratios, the various whole sprouts were found to be intermediate, and the sprout tops and tame grass haylage were lowest as expected. These 20 samples were chosen after GC analysis to represent a range of n-6/n-3 FA ratios between 0 and 20. This spread represents values that would typically be found in routine analyses, although we found no values for n-6/n-3 ratios between 11 and 19. This paper presents a comparison of two extraction and analysis methods, not a detailed comparison of the different sample types; therefore, a complete discussion with regards to the different cattle feed samples analyzed is not included here.
In conclusion, we have developed a new rapid lipid extraction/NMR analysis method that can be used to measure n-6/n-3 FA ratios in cereal grains and forages. We have also shown the consistency and reliability of this approach by correlating the determined values to the traditional Palmquist direct acid methylation/GC analysis method. Application of this method could be an extremely valuable tool for the beef and dairy industries in rapidly monitoring different cattle feeds for n-6/n-3 FA levels; valuable information for use in producing premium healthy beef and dairy products or improving reproductive performance.
